Background: Nitrogen absorption from the large intestine is considered of limited value for supporting body protein synthesis in animals and humans, but it may be of benefit when the dietary supply of nitrogen for synthesis of dispensable amino acids (DAAs) is deficient.
Introduction
Indispensable amino acid (IAA) 6 requirements of growing pigs are reasonably well established (1) , whereas requirements for total nitrogen and dispensable amino acids (DAAs) are a matter of controversy (1, 2) . According to the classic view, DAAs required for protein synthesis can be synthetized endogenously, provided that sufficient amounts of dietary nitrogen are supplied (3, 4) . However, in some situations (i.e., in newborns and during disease) the synthesis of DAAs may be insufficient (1, 2, (5) (6) (7) (8) . Moreover, DAAs play a role in a wide range of metabolic processes, including regulating gene expression, cell signaling, antioxidative responses, fertility, neurotransmission, and immunity, as well as protein synthesis (2) . For these reasons dietary requirements for specific DAAs have been suggested to optimize animal productivity (2) . Dietary requirements for DAAs become more critical when feeding low-protein diets. The use of crystalline IAAs allows the formulation of low-protein diets that closely meet IAA requirements and increase dietary nitrogen use efficiency but reduce dietary nitrogen content and, thereby, the supply of DAAs or nitrogen for endogenous synthesis of DAAs.
Recently, it has been suggested that nitrogen requirements of pigs should be expressed based on the standardized ileal digestible nitrogen supply (1) , implying that nitrogen absorbed from the large intestine is of limited nutritional value for supporting body protein synthesis. The latter appears based on studies in which the dietary intake of a specific IAA is deficient and on observations that only nonprotein nitrogen (NPN) is absorbed from the hindgut (9) (10) (11) . To our knowledge, no studies have been conducted to evaluate the use of nitrogen absorbed from the large intestine for protein synthesis when animals are fed diets deficient in DAA nitrogen.
For the present study, we hypothesized that NPN absorbed from the large intestine, in the form of ammonia (11) , can be used for endogenous DAA synthesis or recycled into the upper gut and used for microbially produced amino acids (AAs) that are available for protein synthesis by the host. The main objective of this study was to evaluate the efficiency of using urea nitrogen infused into the large intestine for whole-body nitrogen retention in pigs fed a diet deficient in DAA nitrogen. Secondary objectives were to evaluate the effects of infusing nitrogen into the large intestine of pigs on urea kinetics, activity of key liver enzymes involved in nitrogen use, and free plasma AA concentrations.
Methods
This experiment followed recommendations of the Canadian Council on Animal Care (12) and was approved by the University of Guelph Animal Care Committee.
Animals and diets. Twelve Yorkshire barrows (including 3 spares) with an average body weight (BW) of 16.9 6 0.3 kg were obtained from the Arkell Swine Research Station at the University of Guelph. All pigs were fitted with a simple T-cannula in the cecum (11) . After surgery, pigs were housed individually in floor pens with smooth siding (13) and allowed a 1-wk recovery period. Pigs had free access to water and were fed increasing amounts of 19% crude protein (CP) containing pig starter diet (Floradale Feed Mill). After recovery from surgery, pigs were moved to metabolism crates for the separate collection of urine and feces (13) . They were fed at 2.8 times maintenance requirements for metabolizable energy (800 kJ Á kg BW 20.60 Á d 21 ) (1) in 3 equal meals at 0830, 1230, and 1730. Water was supplied only during feeding time, at a water-tofeed ratio of 3:1, to avoid contamination of urine. Two days before the start of the third (last) experimental period, 2 jugular vein catheters were placed in each pig (11) . The 3 spare pigs were used as replacements of 1 and 2 pigs assigned to the high and low infusion rate, respectively, during the last experimental period because of improper functioning of one of the jugular vein catheters in the original pigs used for nitrogen balance observations.
All pigs received the same cornstarch and casein-based experimental diet limited in DAA nitrogen (Supplemental Table 1 ). Crystalline IAAs were included in the diet to meet requirements for each of the IAAs, and CP content was maintained low at 5.82% (Supplemental Table 2 ) (14) . In this manner, the use of nitrogen from catabolizing IAAs that were supplied in excess of requirements for endogenous synthesis of DAAs was minimized (15) . The experimental diet was deficient in both total nitrogen and DAA nitrogen to induce endogenous synthesis of DAAs to support body protein gain. The ratio between dietary nitrogen provided by IAAs to total dietary nitrogen (IAA:TN) was high at 0.75 and above the estimated IAA:TN required for optimal nitrogen retention of 0.48 (16) . Titanium dioxide (Sigma-Aldrich) was added as an indigestible marker for determining nutrient digestibility and fecal nitrogen excretion.
Treatments, sampling, and sample analysis. Starting 2 d after pigs were moved to the metabolism crates, a saline solution was infused intracecally at 0.4 mL/min for 2 d to allow pigs to adapt to the infusion. Pigs were assigned to 1 of 3 infusion treatments based on a 3 3 3 Latin square design: saline and 2 urea infusion rates (low and high). The high urea infusion rate was sufficient to lower IAA:TN to 0.55 (mean infusion rate across periods of 3.0 g of urea nitrogen per day), and the low urea infusion rate was one-half of the high rate (IAA:TN = 0.63, mean infusion rate across periods of 1.5 g urea nitrogen per day). The urea concentration in the solutions was calculated based on an infusion rate of 0.4 mL/min and was adjusted for every experimental period to achieve the targeted IAA:TN; the range of urea nitrogen concentrations of the infusates were 4.60-6.79 g/L and 8.9-12.8 g/L for the low and high urea infusion rates, respectively.
Each experimental period lasted 9 d: 5-d adaptation and 4-d nitrogen balance. At the end of each period, pigs were weighed and given 1 d of rest. During nitrogen balance periods, urine was collected quantitatively in containers with 15 mL of concentrated sulfuric acid to keep pH < 3. Urine was weighed daily and for each successful 24-h collection, 5% subsamples were taken. Subsamples were pooled per pig and period and stored at 4°C until analysis. Fecal samples were collected every day and stored at 220°C until the end of the experiment. Fecal samples were freeze-dried after pooling per pig and period. Freeze-dried fecal samples were weighed and then dried at 103°C 6 2°C for 24 h for determining dry matter (DM) content (17) . Titanium dioxide concentration was analyzed according to Myers et al. (18) . Samples were analyzed for nitrogen content using total combustion (17) by Agri-Food Laboratories.
For determining urea kinetics, pigs were infused continuously and intravenously with a saline solution containing 8.33 mM [ 15 N 15 N]urea (purity + 98%; Cambridge Isotope Laboratories, Inc.) during the last 4 d of the last nitrogen balance period. Infusates were analyzed for urea concentration before infusion according to Talke and Schubert (19) (Laboratory Services, University of Guelph). The targeted infusion rate was 0.5 mL/min. Blood samples were taken daily in heparinized Vacutainer tubes (BD) immediately after the 0830 feeding during the 4-d infusion period. During the 15 min of blood sample collection, [ 15 N 15 N]urea infusion was stopped (5) . Blood plasma was isolated by centrifugation at 2500 3 g for 20 min and stored at 220°C until further processing.
At the end of the experiment and 1 h after the 1230 feeding, pigs were killed by lethal intravenous injection of sodium pentobarbital (0.3 mL/kg BW; Schering Canada). Liver samples were taken and immediately placed in liquid nitrogen. Liver samples were stored at 280°C until further processing.
Urea concentration in plasma was analyzed by hydrolyzing urea and measuring ammonia nitrogen (20) (Laboratory Services, University of Guelph). To account for endogenous ammonia content, urea concentration in urine was calculated as the difference between ammonia nitrogen before and after urease hydrolysis (21) (Laboratory Services, University of Guelph). Isotopic enrichment of urea in urine and plasma was analyzed by Metabolic Solution, Inc., according to el-Khoury et al. (22) . Plasma samples from the last day of infusion were analyzed for free AA concentration in the laboratory of Evonik Industries according to Llames and Fontaine (23) .
Calculations. BW gain was calculated considering weights at the beginning and at the end of each experimental period. Fecal digestibility and excretion of DM and nitrogen, as well as wholebody nitrogen, retention were calculated according to Zhu et al. (24) . Ileal nitrogen flow was estimated assuming 93.3% ileal digestibility of the diet, based on ileal digestibility of 87% for casein nitrogen and 100% digestibility of crystalline AAs (14) . Large intestine nitrogen absorption was calculated as the sum of ileal nitrogen flow plus urea nitrogen infused minus fecal nitrogen excretion. Large intestine nitrogen absorption was also calculated as a percentage of nitrogen supplied into the large intestine (ileal nitrogen flow plus cecal urea nitrogen infused) and of nitrogen infused. These measures of large intestine nitrogen absorption were also calculated as incremental values relative to the saline treatment. For the urea infusion treatments, the marginal efficiency of using nitrogen absorbed from the large intestine for increasing whole-body protein deposition (nitrogen retention 3 6.25) was calculated as the increase in nitrogen retention with urea infusion above the saline treatment divided by the increase in large intestine nitrogen absorption above the saline treatment.
Urea flux was determined as the ratio of [ 15 N 15 N]urea infusion to plateau [ 15 N 15 N]urea enrichment in urine or plasma. Urea recycling was calculated as the difference between urea flux and urea excretion in urine (25) . Urea recycling was calculated based on measured enrichment in urea nitrogen in both plasma and urine.
Enzyme activity. The in vitro activity of 3 liver enzymes involved in the incorporation of ammonia nitrogen into urea [carbamoyl phosphate synthetase I (CPS-I), EC 6.3.4.16] or the transamination to form glutamate or Gln [glutamate dehydrogenase (GDH), EC 1.4.1.2, and Gln synthetase (Gln-S), EC 6.3.1.2, respectively] were analyzed.
Activity of CPS-I was determined according to a colorimetric procedure based on appearance of hydroxyurea after conversion of carbamoyl phosphate by hydroxylamine (26) . The GDH activity was measured using a commercial kit according to the manufacturerÕs instructions (Biovision, Inc.). The Gln-S activity was measured using a colorimetric procedure, based on appearance of g-glutamyl-hydroxamate after reaction of Gln with hydroxylamine (27) .
All enzyme activity data were standardized for protein concentration in the homogenate used for the assay. Protein concentration was measured with a commercial kit (Bio-Rad protein assay kit). Enzyme activity is reported as nanomoles per minute per milligram of protein.
Statistical analysis. Data from the nitrogen balance study were analyzed using PROC MIXED of SAS (version 9.2; SAS Institute, Inc.). The effect of the previous treatment was not significant and was not considered in the final analysis. Treatment and period were included as fixed effects and pig was included as a random variable. Differences between least-squares means were assessed using the TukeyÕs test. Urea kinetics, enzyme activity, and free AA concentration in plasma data were analyzed using PROC MIXED of SAS with treatment as the only source of variation. For linear regression analysis, relating the various responses to urea nitrogen infusion rates, PROC GLM of SAS was used. In all analyses, observations on animals within experimental periods were the experimental units. Differences were considered significant at P # 0.05 and a trend when 0.05 < P < 0.10.
Results
All pigs recovered well from surgery and achieved presurgery feeding intakes within 1 wk after surgery. Pigs appeared to be healthy during the experiment. Most pigs consumed their feed allowance within 30 min after feeding of the experimental diet, except for 2 pigs in the last experimental period. All cannulas functioned properly and leakage of the infusates from the cannulas was not detected. Six observations from the nitrogen balance study (2 and 3 and 1 from saline and low and high infusion rates, respectively) were excluded because of incomplete urine collection, heavy feed or fecal contamination in urine, or incomplete feed intake. One observation from each treatment in the urea kinetics was excluded because of incomplete feed intake or, in 1 case, insufficient labeling of the body urea pool. The latter was attributed to dislocation of the jugular infusion catheter.
As intended, DM and nitrogen intake did not differ among treatments (P > 0.10; Table 1 ). The BW gain increased with urea nitrogen infusion and was different between saline and the high urea infusion rate (P < 0.05). Apparent fecal digestibility of DM was higher for pigs on the high urea infusion rate than those on saline (P < 0.05). Apparent fecal digestibility of dietary nitrogen was not different between treatments (P > 0.10). Fecal and urinary nitrogen excretion did not differ among treatments (P > 0.10). Whole-body nitrogen retention increased with urea nitrogen infusion rate (P < 0.05; Figure 1 ).
Absorption of nitrogen from the large intestine increased with urea nitrogen infusion rate (P < 0.001; Table 1 ). The amount of nitrogen absorption above saline treatment and relative to the amount of nitrogen infused was not different between the 2 urea infusion rates (P > 0.10). The marginal efficiency of using nitrogen absorbed from the large intestine for nitrogen retention did not differ between the 2 urea infusion rates (P > 0.10).
Steady state conditions in urea kinetics were confirmed by analyzing and comparing enrichment values from days 3 and 4 of the infusion period (11) , which did not differ within treatments (data not shown; P > 0.10); therefore, the mean of days 3 and 4 enrichment values was used in the calculations. Both total nitrogen and urea nitrogen excretion in urine were not different between treatments (P > 0.10; Table 2 ). Plasma urea nitrogen concentrations were not different between treatments (P > 0.10). Urea flux was not altered by urea nitrogen infusion rate (P > 0.10) and averaged 1.16 mmol Á kg BW 21 Á d 21 across all treatments. Urea recycling was not affected by urea nitrogen infusion rate (P > 0.10) and, as a proportion of urea flux, represented 69% across all treatments. All urea kinetics calculations were performed using the enrichment in either urine or plasma and values did not differ between these 2 approaches (P > 0.10).
The CPS-I and Gln-S activities were not different between treatments (P > 0.10; Table 3 ), whereas the GDH activity tended to increase with urea nitrogen infusion rate (P = 0.06).
Among all plasma AAs, only the concentration of aspartate was increased with urea nitrogen infusion (P < 0.05), and Gly and glutamate concentrations tended to increase with urea nitrogen infusion (P < 0.10).
Discussion
The objectives of the present study were to assess the effect of infusing urea nitrogen into the large intestine of growing pigs fed a diet deficient in DAA nitrogen on whole-body nitrogen retention, urea kinetics, activity of key enzymes involved in liver nitrogen metabolism, and plasma concentration of free AAs. To achieve these objectives, saline and 2 different urea concentrations were infused continuously through a simple T-cannula placed in the cecum and during the last experimental period, [ 15 N 15 N]urea was infused continuously in a jugular vein of all pigs. At the end of the experiment, liver and plasma samples were obtained for determining in vitro activity of selected liver enzymes and free AA concentration in plasma.
In the present study, and based on fecal nitrogen excretion, all urea nitrogen infused into the cecum was absorbed ( Table 1 ). The large intestine seems to have a large capacity for nitrogen absorption regardless of the source of nitrogen (i.e., protein, AAs, or NPN) (9, 11, 28, 29) ; this capacity appears to be much larger than the amount of nitrogen infused into the large intestine in the present study. Nitrogen that reaches the large intestine appears to be absorbed primarily as ammonia, which is generated through microbial fermentation, rather than AAs (10, 11) . The calculated large-intestinal nitrogen absorption was negative for pigs on the saline treatment (Table 1 ). This could be attributed to the high ileal digestibility of dietary nitrogen (1), resulting in a low ileal nitrogen flow and a net loss of endogenous nitrogen into the large intestine.
In the present study, there was no treatment effect on urinary nitrogen excretion, which implies that all nitrogen absorbed was retained in the body. These results contrast with Cecal nitrogen infusion and nitrogen utilization 1165 previous studies (11, 30) where it was shown that >75% of the nitrogen infused into the large intestine was excreted in urine, mainly as urea. However, in these previous studies, diets were deficient in a specific IAA; therefore, any potential improvement in nitrogen retention was attributed to either IAA absorption from the large intestine, which has been shown to be minimal (9-11), or increased urea recycling and associated production and absorption of microbially synthesized AAs in the small intestine (10, 11) . The latter pathway has shown an efficiency of ;20% when pigs are fed Val-limiting diets (11, 31) . The current observations suggest that nitrogen absorbed from the large intestine is used efficiently for endogenous synthesis of DAAs required for protein synthesis when pigs are fed diets deficient in DAA nitrogen.
Whole-body nitrogen retention, and therefore body protein deposition, was increased with the amount of urea nitrogen infused into the cecum (Table 1) , which is further supported with increased BW gain. This provides direct evidence that NPN absorbed from the large intestine (as ammonia) was used for the synthesis of DAAs. Because diets were deficient in DAA nitrogen, based on the high IAA:TN in the diet, any increase in nitrogen retention must be the result of either increased endogenous DAA synthesis, primarily in the liver, or increased absorption of microbially produced DAAs in the small intestine. The latter, however, has little impact on nitrogen retention given the small amount of urea recycled into the gut ( Table 2) .
The high efficiency of use of NPN absorbed from the large intestine suggests that the animal is capable of synthesizing substantial amounts of each of the DAAs from NPN. This observation appears in conflict with recent recommendations concerning dietary requirements for each of the DAAs (2). However, it should be noted that even at the highest urea infusion rate, the pigs were fed below the optimum dietary IAA:TN (16) . Therefore, the dietary supply of DAAs was not sufficient to maximize use of IAA. As a result, a fraction of IAA nitrogen intake, as well as NPN absorbed from the hindgut, is likely used for endogenous synthesis of DAAs. The relative use of IAA nitrogen and NPN for endogenous synthesis of DAAs deserves further exploration. The use of absorbed ammonia nitrogen for synthesis of DAAs is in agreement with the low urinary nitrogen excretion across treatments and lack of treatment effect on urinary nitrogen excretion (Table 2) . Typically, urea nitrogen and ammonia nitrogen represent >70% and 6% of the nitrogen content in urine, respectively (32) . In the current study, urea and ammonia represent ;6% and 23% (mean across treatments), respectively, of urinary nitrogen excretion ( Table 2) . The low rate of urinary urea excretion is consistent with the low dietary CP intake and high efficiency of dietary nitrogen use (33) . In the present study, a relatively large proportion of urinary nitrogen is present in compounds other than urea, which can be attributed to the low rate of urinary nitrogen excretion. It should be noted that the absolute amounts of urinary excretion of ammonia and other nitrogenous compounds are within the range of previously reported values for growing pigs (32).
Rose et al. (34) evaluated different dietary nitrogen sources in rat growth performance studies and also showed that NPN can be efficiently used to improve BW gain when feeding diets that are deficient in DAAs. In that experiment, feeding ammonia improved performance more effectively than urea, which supports the idea that urea needs to be hydrolyzed by enteric microbes to make urea nitrogen available for the host (35) .
Urea flux and plasma urea concentrations can be considered low in all treatments (Table 2) (11, 36) . This can be explained by the low CP content in the diet and the high efficiency of using dietary plus infused nitrogen for whole-body nitrogen retention. The latter is consistent with the observed low rates of urinary nitrogen and urinary urea excretion and can be attributed to the efficient use of absorbed ammonia nitrogen and nitrogen derived from catabolism of IAAs for the endogenous synthesis of DAAs. Based on increased whole-body nitrogen retention, the catabolism of IAAs for the synthesis of DAAs was decreased with urea nitrogen infusion, improving efficiency of use of IAAs and, therefore, with little impact on urea flux in pigs fed diets deficient in DAA nitrogen. Urea recycling was not altered by urea nitrogen infused in the large intestine, although it represents 69% of urea flux across all treatments. This value is higher than those reported in urea kinetic studies in pigs (11, 36) when CP intakes were higher than in the current experiment. In contrast, this high proportion of recycled urea is in agreement with observations on ruminants showing that when protein intake is decreased, urea recycling, as a proportion of urea flux, is increased, up to 90% when CP in the diet is <4% (37) . The observed high rate, expressed as a fraction of flux, of urea recycling, therefore, can be attributed largely to the low dietary protein intake.
CPS-I is involved in the first step in the urea cycle (38) . In the current study, CPS-I activity was not influenced by urea infusion into the large intestine, which is consistent with the lack of treatment effects on urea flux and urinary urea excretion. The incorporation of ammonia nitrogen into glutamate for subsequent transamination among DAAs is catalyzed by GDH (39) , and Gln-S is involved in the transfer of ammonia nitrogen to glutamate, producing Gln (40) . In the present study, GDH activity tended to increase with increasing amounts of urea infused whereas Gln-S activity was not different between treatments (Table 3 ). This trend of increased GDH activity is in agreement with the observation that glutamate concentration in the liver of rats is augmented when including 15% ammonium acetate in the diet (41) . Glutamate synthesis, involving GDH, represents the first step of using ammonia nitrogen for transamination among AAs and synthesis of DAAs. Increased GDH activity is, therefore, consistent with increased endogenous synthesis of DAAs with increasing urea nitrogen infusion rate.
In agreement with the latter, plasma concentration of aspartate showed an increase, and glutamate and Gly showed a tendency toward increase with urea nitrogen infusion into the large intestine ( Table 4) . No increment of IAA concentration in plasma was found as a reduction of IAA catabolism when urea nitrogen was infused, maybe because of the rather low number of observations. Although DAA nitrogen concentration in plasma increased numerically, metabolic pathways involved in capturing ammonia nitrogen for endogenous synthesis of DAAs warrant further research.
In conclusion, nitrogen absorbed from the large intestine, largely in the form of ammonia, can be used efficiently for improving whole-body nitrogen retention by increasing endogenous synthesis of DAAs in pigs fed a diet deficient in DAA nitrogen. In agreement with the latter, GDH activity in the liver, the main enzyme involved in the incorporation of ammonia nitrogen into DAAs, and plasma concentration of some DAAs (aspartate, Gly, and glutamate) tended to increase with continuous urea infusion into the large intestine. Urea infusion in the large intestine did not affect urea flux or urea recycling. These observations provide evidence that nitrogen absorbed from the large intestine is of benefit for increasing body protein deposition when the dietary intake of DAAs or nitrogen for endogenous synthesis of DAAs is insufficient. Furthermore, observations in this study indicate that nitrogen requirements should be expressed on the basis of fecal digestibility and not standardized ileal digestible, as suggested by the NRC (1) . Further research about the efficiency of using NPN for body protein deposition and its inclusion in practical diets is warranted. 
